Phenolic compounds are among the major classes of pollutants produced by industrial and agricultural activities. The amperometric biosensors have been mainly applied to the determination of phenolic compounds because of the advantages such as good selectivity, low cost, and easy automation. Amperometry is a method to measure the electric current that flows as a result of reactions generated at the electrode. Amperometric phenol biosensors are most often based on tyrosinase, laccase or horseradish peroxidase immobilized on the electrode surface. The immobilization of enzymes into ordered thin materials has attracted considerable attention over the past few years. The present researches have demonstrated that biomolecules immobilized in different matrixes retain their functional characteristics to a large extent. These new materials are of great interest for applications as biosensors and biocatalysts. Lately, also conducting polymers have attracted much interest in the development of biological sensors. The electrically conducting polymers are known as possessing many interesting features, which allow them to act as excellent materials for immobilization of biomolecules.
Introduction
Phenolic compounds are one of the popular pollutants of industrial wastes and, moreover, the compounds have high toxicity to the human organism when present above certain concentration limits this require rapid. The trend towards simplification of the analytical methods used in modern laboratories or in quality control of some industrial processes has led to setting up some electrometric procedures for determining phenol, based on biosensors [1] [2] [3] . Due to health and ecological risks caused by long-and short-term exposure to these phenolic compounds, there is a considerable interest in their measurements in environmental matrices [4] . Various methods are available for the determination of these compounds, including chromatographic and spectrophotometric analyses, but these methods present some disadvantages, such as laborious sample pre-treatment, expensive, manpower and doubts about the sample integrity, which make them unsuitable for on-line monitoring [4, 5] .
In the example, using of microbial-based sensors to detect the concentrations of substances is based on the presence of specific enzyme systems which transform certain chemical compounds. The transformation processes can be accompanied by the appearance of electrochemically active products or utilization of reaction co-substrates, which enables the use of standard electrochemical techniques [6] . Biosensors can make ideal sensing systems to monitor the effects of pollution on the environment, due to their biological base, ability to operate in complex matrices, short response time and small size (Figure 1) . The determination of phenol and its derivative compounds is of the environmental greatness, since these species are released into the environment by a large number of industries, e.g. the manufacture of plastics, dyes, drugs, antioxidants and waste waters from pulp and paper production. This group of biosensor is of great interest because of their application in food and pharmaceutical industry [7] . Furthermore, as polyphenols are electroanalytically active compounds that can be easily oxidized at inert electrodes, electrochemical sensors have also been used as tools for estimating the total phenolic content. Amongst enzymes, laccases and tyrosinases [8] or horse-radish peroxidase [9] are groups of oxidases that catalyze the transformation of a large number of phenolic compounds.
Phenolooxidases have wide substrate specificity and a great potential for the determination of phenolic compounds. Moreover, fungal laccases catalyze demethylation reactions an important and initial step of the biodegradation process of the lignin polymer chain, and subsequently decompose the lignin macromolecule by splitting aromatic rings and C-C bonds in the phenolic sub-structures [9] .
Tyrosinase-and laccase-based amperometric biosensors have proved to be very useful for the determination of phenols and substituted phenols at low levels [10] [11] [12] . However, the use of this kind of analytical device has some limitations when employed for monioring, continuously, target contaminants in various environmental matrices. One of these limitations is the dependence on sample conditions, such as pH and ionic strength. In relation to the pH influence, usually the phenoloxidases-based biosensors show interesting sensitivity for pH between 3 and 7, with a very strong decrease at higher pH values [13, 14] .
The model of molecular assemblies often used in these types of biosensors design is prepared by LangmuirBlodgett (LB) and Langmuir-Schaefer (LS) techniques in which we have to the moment successful experience [8] , Layer-by-Layer (LbL) or by employing different SelfAssembly Monolayers (SAMs) or electrolytic deposition. Construction of novel phenol detecting biosensor is a big challenge for modern technologies and the key element is modification of electrode by proteins using i.e., thin film preparation methods.
Need for Alternative Methods-Biosensors
The most broadly used methods for the determination of various phenols are high-performance liquid chromatography, liquid chromatography coupled with electrochemical detection, liquid chromatography coupled with mass spectrometry, capillary electrophoresis, gas chromatography, and gas chromatography coupled with mass spectrometry [15] [16] [17] [18] . These methods offer proper selectivity and detection limits, but, they are not suitable for rapid processing of multiple samples and real-time detection. They involve highly trained operators, timeconsuming detection processes, and complex pre-treatment steps. The instruments are sophisticated and expensive. Further, the methods are unsuitable for field studies and in-situ monitoring of samples [19] [20] [21] .
Biosensors for Phenolic Compounds
Biosensors based on the coupling of a biological entity with a suitable transducer offer an effective route for detection of phenolic compounds. For phenolic compounds determinationm biosensors modified with tyrosinase, peroxidase, laccase and polyphenol oxidase have been reported. Electrodes modified with these enzymes have the advantage that the detection of phenolic compounds can be carried out between −0.2 and 0.05 V versus SCE and the interface is minimized [7] .
Electrochemical biosensors are rather cheap, simple to fabricate, and reusable. They have high stability and sensitivity. This kind of sensors can potentially be used for other species with the necessary modifications. Many phenolic compounds are successfully detected using electrochemical sensors as most sensors are oxidized at readily accessible potentials. Many phenolic compounds are successfully detected using electrochemical sensors as most sensors are oxidized at readily accessible potentials [21] .
In example, chemically modified carbon electrodes have been designed by Yin et al. [19] for the detection of bisphenol A. Cobalt phthalocyanine modifier has been applied in electrodes to help decrease the redox potential. Increased sensitivity and selectivity have been achieved for bisphenol A in an aqueous solution. The detection limit was found as 1.0 × 10 −8 M [19] . Electrochemical biosensor devices based on three enzymes (tyrosinase, laccase, horseradish peroxidase) use a similar approach to detection: the liberated quinones or phenoxy radicals, enzymaticaly oxidized, as mediators in the oxido-reduction enzyme cycle, are rereduced at the surface of the electrode, and a dramatic amplification of the biosensor response can be achieved by means of this partial substrate recycling (Figure 2 ).
Laccase and tyrosinase are both copper-containing oxidases catalyzing the reduction of molecular oxygen by different electron donors, e.g. phenolic compounds. One of the most important points in using laccase is the sensitivity for phenolic compounds that are toxic. In catalyzed reactions the oxygen is reduced directly to water without the intermediate formation of hydrogen peroxide ( Figure 3 ) [22] . Mechanism of laccase catalysys sometime requires also the mediator (Figure 3) . The substrate for laccase is also molecular oxygen, hence the enzyme plays a role of terminal electron acceptor in a four electron process in which water is the final product.
The two enzymes (laccase, tyrosinase) display different substrate specificities and mechanisms, hence the coimmobilization of laccase and tyrosinase on the transducer element of an electrochemical sensor allows more phenolic compounds to be detected [22] .
For the design of biosensor different methods of enzyme immobilization have been employed. They include the modification of solid graphite [25] , incorporation of enzyme into carbon paste, immobilization on surface of different membranes [26] Langmuir-Blodgett hybrid films [27, 28] . The most sensitive biosensors are based on tyrosinases [29] , however, in order to low stability of this class of enzymes, these devices usually present short lifetimes [30] . Alternatively to tyrosinases-laccases are often used.
However, an exhaustive overview in the basic aspects of immoblilization of laccase and tyrosinase has been reported. Whereas, to retain enzyme's specific biological function, their immobilization on solid matrix is a key factor in preparing biosensors. So far several immobilization strategies have been commonly used to immobilize small molecules onto appropriately functionalized glass slides, including covalent immobilization with Staudingeer ligation [31] . The immobilization methods for laccase or tyrosinase such as physical adsorption [27] , covalent attachment [30] , incorporation within carbon paste [8] , immobilization in polymer films [32] , entrapment in some sol-gel matrices [8] have been also reported in the literature. Vianello et al. presented a highsensitivity flow biosensor based on a monomolecular layer of laccase immobilized on a gold support. This biosensor detects phenols in the low micromolar range, i.e. below European Community limits [30] .
In particular, several biosensors based on tyrosinase were developed for determination of phenols (Figure 4 ) [33] . The tyrosinase was immobilized on an electrode's surface as a thin film or in a membrane on a Clark oxygen electrode [34] , chemically bonded to a solid graphite electrode [25] or controlled-pore glass [35] and using electropolymerization of an amphilic pyrrole derivative-enzyme mixture [36] . Tyrosinase was also adsorbed on the surface of phospholipids LangmuirSchaefer film [27] .
A general problem for many tyrosinase biosensors is the lack of the necessary operational and storage stability needed for commercial exploitation, and is currently a major obstacle to solve in the biosensor area. The instability of tyrosinase biosensors in pure standard solutions is mainly due to that: quinones suffer from high instability in water, and formation of intermediate radicals in both the enzymatic and electrochemical reactions. Radicals can react and polymerise to polyaromatics which can inactivate the biocatalyst and foul the electrode [37, 38] .
For example, Nistor et al. has presented the possibility of using Nafion modified tyrosinase electrodes for obtaining biosensors with improved stability for the screening of phenolic compounds in waste waters. The immobilisation of tyrosinase in cationic exchange membranes has some advantages (exclusion of anionic interferences and altered selectivity of the sensors due to preconcentration of certain monophenols into the membranes) [23] .
Horseradish Peroxidase Electrodes for Phenolic
Compounds Detection Horseradish peroxidase (HRP) catalyzed reactions with phenols are much faster than polyphenol oxidases (PPO) ones, moreover, HRP-based electrodes show much higher sensitivity in comparison to PPO-based sensors. Due to the fact, the application of HRP on working electrodes may be advised for faster and effective phenol measurements.
Horseradish peroxidase is a popular enzyme for phenol detection due to its high sensitivity towards a great number of phenolic compounds.
Many different methods such as covalent immobilization [39] , sol-gel derived matrix [40] , recently LbL assembly was employed for modification of electrodes [41] . And still the combination of oxidoreductases and amperometric electrodes is the most commonly studied biosensor concept (Figure 5) .
Amperometric biosensors for the detection of phenolic compounds have been introduced as a mono-enzyme system using tyrosinase, laccase or HRP. Tyrosinase biosensors are restricted to the monitoring of phenolic compounds having at least one o-position free.
Whereas, laccase biosensors give response to phenolic compounds with free p-and m-position with a complicated catalytic cycle. HRP is less selective to phenolics and capable of giving response to a wide number of phenol derivatives, and is highly stable as well as efficient for different biosensor designs. HRP is oxidized by hydrogen peroxide and re-reduced by phenols. Phenoxy radicals, formed during the enzymatic oxidation of phenolic compounds in the presence of hydrogen peroxide, were reduced electrochemically on the electrode surface; the reduction current is proportional to concentration of phenolic compound [42, 43] .
The direct adsorption of HRP molecules on electrode surfaces causes denaturation and loss of activity including the slow electron transfer due to the active sites of enzyme have the long distance between the active sites and electrode surface [44] . Therefore, nanomaterials like gold nanoparticles have been applied as a promoter to enhance the electron transfer as was proposed by Kumpangpet et al. [45] . Moreover, Imabayaschi et al. reported the HRP biosensor constructed by enzyme covalently immobilized on the mercaptonic acid self-assembled monolayer on the gold electrode [39] . The most simple electrode for the detection of peroxide consists of a layer of peroxidase molecules adsorbed onto the electrode surface. If the electrode is placed into a sample and poised at a potential more negative than 0.6V vs. SCE then a proportionality between the registered reduction current and the peroxide concentration is observed. This phenomenon was observed for horseradish peroxidase adsorbed on carbon black, graphite, carbon fibers, gold, and platinum electrodes [46] .
The response of the peroxidase biosensors to phenolic compounds is based on the double displacement in which two substrates, H 2 O 2 and the electron-donating phenolic compounds are involved (Figure 6 ). At the electrode surface, peroxidase molecules are oxidized by H 2 O 2 followed of its reduction by phenolic compounds. In the last reaction, the phenolic compounds are mainly converted into quinones or free radical products, which are electroactives and can be electrochemically reduced on the electrode surface. The reduction current is proportional to the phenolic compounds concentration in the solution, as long as the H 2 O 2 concentration is not limiting [46] .
The monitoring of the enzyme reaction is accomplished by the electrode reduction of the phenoxy radicals formed, the current being proportional to the concentration of phenolic compounds as long as the H 2 O 2 concentration is not limiting. Therefore, an excess of H 2 O 2 should be added to the working solution in order for the biosensor to be able to respond to the phenolic compounds [47] . However, it is well known that the presence of a high concentration of H 2 O 2 causes inhibition of the activity of peroxidase [48] . Serra et al. reported the sensing system for phenolic compounds where horseradish peroxidase is mixed with glucose oxidase (GOx). In this biosensor, GOx was responsible for generating in situ H 2 O 2 needed for the enzyme reaction with the phenolic compounds [48] . For the sensor design, matrices of graphite and Teflon were selected. The enzymatic electrodes were constructed by simple physical inclusion of the enzymes (HRP, GOx) into the bulk of graphite-Teflon pellet with no covalent attachments. Serra et al. described also the three enzyme system with HRP, GOx and tyrosinase to monitor possibly large number of phenolic compounds [47] .
Modification of Electrodes by Conducting Polymers
A new class of polymers known as intrinsically conducting polymers or electroactive conjugated polymers has been extremely famous. This kind of materials exhibit interesting electrical and optical properties previously found mostly in inorganic units. Conducting polymers vary from all the popular inorganic semiconductors (i.e., silicon). These materials exhibit intrinsic electronic conductivity ranging from about 10 −14 to 10 2 S·cm −1 due to extension of the doped state [49] . In the neutral (undoped) state these materials are only semiconducting and electronic conductivity only appears when the material is doped with small sized ions (e.g. when electrons or holes are injected into the super orbital).
Many applications of conducting polymers including analytical chemistry and biosensing devices have been reviewed by various researchers [50] [51] [52] . They have broadened the possibility of modification of surface of conventional electrodes providing new and interesting features. Semiconducting organic materials were applied in electrocatalysis, membrane separations and chromatography. They also create new technological possibilities in design of chemical and biochemical sensors [50, 53] .
Importance of Conducting Polymers to Sensor Devices
Conducting polymers have attracted much interest as a suitable matrix of enzymes, they enhance speed, sensitivity and versatility of biosensors in diagnostics to measure different analytes. Conducting polymers are thus finding ever increasing use in diagnostic medical reagents [54] . Conducting polymers have attracted much attention as a suitable matrix for the entrapment of enzymes [55, 56] . The techniques of incorporating enzymes into electro-depositable conducting polymeric films permit the localization of biologically active molecules on electrodes of any size or geometry and is particularly appropriate for the fabrication of multi-analyte microamperometric biosensors [57] .
Semiconducting polymers have proper flexibility in the available chemical structure, which can be modified as need. By chemical modeling and synthesis, it is possible to modulate the required electronic and mechanical properties of material. Morover, the polymer itself may be modified to bind protein molecules [58, 59] . The valid advantage offered by conducting polymers is that, the electrochemical synthesis enables the direct deposition of the polymer on the electrode surface (i.e., simultaneously trapping the protein molecules) [60] . It is potential also to control the distribution of the immobilized biocatalysts, the film thickness and modulate the enzyme activity by changing the electrical state of the polymer.
Synthetic and biological receptors may be applied to manipulate the sensitivity of a conducting polymer for different types of analyte [61, 62] . Certain conducting polymers that have been modified with various receptors are listed in Table 1 . To immobilize the receptor, it is bonded to the polymer matrix through covalent or noncovalent interactions. Physical adsorption [27] , the Langmuir-Blodgett technique [8] , layer-by layer deposition technique [63] , and mechanical embedding method [64] are used to bind the receptor to the matrix through different ionic interactions. Gerard et al. [65] have discussed the advantages and limitations of these techniques.
Conducting polymers have also the ability to efficient transfer of charge produced by the biochemical reaction to electronic circuit [73] . Moreover conducting polymers may cover defined areas of electrodes. This exceptional feature concern the possibility to encapsulate enzymes during electrochemical process according to amperometric biosensors [74] .
Among the conducting polymers/materials, polypyrroles play a leading role due to their versatile applicability and the wide variety of molecular (redox) species covalently linked to a pyrrole group [75] . Nakabayashi et al. reported an amperometric biosensor for detection of H 2 O 2 based on electron transfer between HRP and ferrocene as a mediator [76] . Likewise, Thanachasai et al. developed novel H 2 O 2 biosensor based on peroxide carrying poly(pyrrole-co-[4-(3-pyrrolyl) butanesulfonate]) [77] . Yasuzawa et al. showed the feature of glucose sensors based on the immobilized glucose oxidase in polypyrrole [78] . The biosensing device was prepared by electro polymerization of 3-(1-pyrrolyl) propionic acid in the presence of the biocatalyst following the treatment with water soluble carbodiimide to provide covalent linkage between glucose oxidase and polypyrrole. A lot of enzymes have been immobilized by physical adsorbtion on a number of conducting polymers by [66, 68, 70] . This is the simplest method of enzyme immobilization. The binding forces involved are hydrogen bonds, multiple salt linkages, Van der Waal's forces etc. [79] .
Protein-Monolayer Engineering
Protein monolayer electrochemistry is an effective technique used to study interactions between redox proteins and synthetic adsorptive platforms. The effectiveness of this strategy, however, is dependent on the ability to engineer an adsorption interface with a high degree of molecular level control.
A relevant path in this context is to use structural motifs of existing proteins as stable scaffolds, which, by appropriate mutations, deletions, insertions, or fusions create protein structures with desired functionality [80] .
The SAMs structures can be ideally composed of tightly packed and well ordered chains, although several factors may lead to the formation of defects and irregularities [81] . Due to that, the nanometric size of proteins, as well as their diversity, makes that complex interesting to explore the utilization of such structures in molecular electronic devices [82] .
Monolayers engineering aims to create complex molecular assemblies with a specific layered structure. The techniques applied are based mainly on the original Langmuir-Blodgett (LB) [8] or Langmuir-Schaefer (LS) [8] methods, very often combined with self-assembly [81] and adsorption processes. Generally, monolayers of amphiphilic organic molecules are formed at the liquid-air interface in the LB through by first spreading and then compressing the organic surface layer to a defined surface pressure (Figure 7) .
However, protein monolayers are usually prepared by adopting the horizontal-lift LS technique for transfer onto the solid substrate. For enzymes, an adsorption through has proved to be even more effective in preserving the native protein function in the engineered monolayers [8] .
As proteins are not ideal amphiphilic molecules, the techniques need to be adapted, either by chemical methods (e.g., derivatization methods [83] or varying the subphase composition [84] ) or by applying some mimetic systems of biological membranes, due to preserve their native structure and function in monolayer.
The quality of protein-monolayer formation at the air-water interface is related to the degree of preservation of the native properties of all proteins. The magnitude of the electrostatic forces maintaining the protein structure is comparable with that of the surface tension. Proteins tend to form stable monolayers at the air-water interface because of their mixture of hydrophilic and lipophilic groups. Often spreading species such as proteins at the air-water interface can affect the conformation of the molecule such as causing unfolding. For example insulin or ovalbumin unfold completely whereas myoglobin and cytochrome C are only partially unfolded [85] . This again is thought to be a function of the ratio of polar to non-polar amino acids residues. Highly polar proteins such as xanthine oxidase do not form stable monolayers [84] . In all these circumstances the convenient matrix may be required. For instance, according to Girart-Ergot et al. [86] enzyme bioactivity in mixed lipid LB films is preserved due to the lipid molecular assembly protects the enzyme, positioning the polypeptide moiety in such a way as to allow the recognition and signal events.
The possibility of preparing multilayer films opens the perspectives of characterizing these mimetic systems using a wider range of techniques in opposition to LB method, which usually restricts the phospholipids films to one or two layers [87] . However, despite this disadvantage, the LB technique is still a distinctive way to produce phospholipids structured as mono-or bilayers like they are found in the cell membrane models.
Protein Monolayers Electronic Properties
The electronic properties of the protein monolayers are currently characterized by using the CP-AFM technique. This method allowed for continuous monitoring the effect of externally applied force on the current flowing through the junction [88] [89] [90] . To study these effects I-V curves were obtained under varying forces. Current was not observed when forces were lower than 23 nN.
First insight into the effect of applied force on the electronic behavior of protein layer was obtained by monitoring the changes in the low voltage conductance of the proteins, which was estimated from the slope of the I-V curve in the range of [V] ≤ 0.2 V for each of the I-V curve. An increase in the conductance with applied force was detected for azurin by Davis et al. [88] , although with much stronger exponential dependence. The observed dependence can be explained by an increase in the contact area (i.e., increase in the number of conduction channels), and elastic deformation, i.e., a decrease in the effective length of the conduction channel [88] .
Conclusions
For nearly 50 years we have witnessed tremendous progress in the development of electrochemical biosensors. Elegant research on new sensing concepts, coupled with numerous technological innovations, has thus opened the door to widespread applications of electrochemical biosensors.
Phenolic compounds generated in different industrial activities and discharged as waste in waters are important environmental pollutants because of their toxicity. Although well-established spectrophotometric and chromatographic methods are currently used for the determination of phenols in waters, these methods are longtime ones, and unsuitable for in situ monitoring. Sensors using biological recognition elements constitute an evident alternative to overcome these hindrances.
Major fundamental and technological advances have been made for enhancing the capabilities and improving the reliability of chemical measuring devices.
As this field enters its fifth decade of intense research, we could expect significant efforts that couple the fundamental sciences with technological advances. 
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